Introduction
The activities of microorganisms function within biofilm communities composed of hundreds of metabolically diverse species. 1 Inside biofilms, bacterial cells show a wide range of physiological states, and indicate diverse genotypes and phenotypes. 2 Biofilm is a problem causing 80% (2 million cases) of hospital-acquired infections each year in the U.S. 3 Predicting biofilm dynamics is needed to avoid diseases. Biofilm growth is strongly affected by the oxygen concentration, and because many microorganisms preferentially use oxygen as the terminal electron acceptor in respiration, oxygen measurements are often used to quantify biofilm activity. 4 A micrometer resolution oxygen concentration measurement will help illustrate single-bacterium-level environmental mapping. Techniques for oxygen measurements with resolutions ranging over several micrometers 5, 6 to atomic level 7 have been reported. For biofilm oxygen monitoring, a very small oxygen probe 8 is generally inserted into a test sample. It would be interesting if a small oxygen marker could be embedded inside a biofilm, without the need to insert a probe. Such a marker would enable complete, noninvasive oxygen measurements inside the biofilm at a high resolution. Bioluminescent bacteria, such as Vibrio fischeri, have been used for environmental monitoring. [9] [10] [11] [12] [13] For example, the antiproliferative properties of plants have been evaluated using a Microtox ® bioassay. 14 Similarly, heavy metal concentrations in the medium linearly affect the luminescence intensity. This effect is observed over 0 -0.2 mg l -1 of Hg(II) and Ag(I). 15 Such methods are based on the influence of target materials on the bioluminescence intensity. We have been searching for the best experimental condition to stabilize the bioluminescence from a bright bacterium, Photobacterium kishitanii, and have reported difficulty. For example, a well-stirred liquid culture of the bacteria shows a periodic fluctuation in the luminescence intensity. 16, 17 Although bacterial bioluminescence is referred to as an oxygen-dependent reaction, because the substrates and enzyme that catalyze the bioluminescent reaction are synthesized through quorum sensing, the bioluminescent intensity is not always dependent on the oxygen concentration. Temporal oscillation, for example, in bioluminescence was reportedly due to the competitive consumption of oxygen by luminescence and respiration. A spatially symmetric oxygen supply was reported to realize spatially stable bioluminescence. 16 We therefore contrived to arrange bacterial cells in a thin sheet, while expecting the sheet luminescence to be affected only by the perpendicular oxygen flux.
Experimental
The bioluminescent bacteria P. kishitanii (biosafety level 1) was obtained from the skin of a cuttlefish (Todarodes pacificus) purchased at a local supermarket. The skin was soaked in saline overnight, and brightly glowing colonies on it were collected and enoculated on a Marine Broth 2216 (Difco) agar plate. Although biofilm formation by photobacterium has been reported, 18 as far as we know P. kishitanii did not produce extracellular polymers (EPS) that would help the bacteria stay on the surface. Therefore, sodium alginate gel was used as an artificial EPS to prepare a bioluminescent sheet for the bacteria. For this purpose, a bright colony was picked up and mixed with a 1% w/w sodium alginate (500 cps, Sigma-Aldrich) solution. The suspension was diluted 10 and 100 times with the same solution. The cell densities of the suspensions were measured using a bacteria-counting chamber (bacteria, Fuji Rika Kogyo Co., Ltd). Next, 10 μL of three suspensions with different cell densities was dropped onto Marine Broth agar plates and covered with cover glasses. Each plate was incubated at 17 C until luminescence was observed. To see the dissolved oxygen (DO) concentration effect on the sheet, an artificial biofilm using Pseudomonas aeruginosa was prepared. A liquid culture of P. aeruginosa PA01 (kindly donated by Dr. T. Nishino) was prepared using Marine Broth 2216 at 30 C overnight, and mixed 2013 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. The aim of this study was the preparation and characterization of a bioluminescence bacteria sheet in view of the fabrication of an oxygen marker inside a biofilm. Photobacterium kishitanii sheets were prepared using sodium alginate, and a biofilm of Pseudomonas aeruginosa was dropped over it. The relationship between the dissolved oxygen (DO) concentration in the biofilm and luminescence from the sheet was examined. As a conclusion, the alginate-gel film method was effective in fabricating a DO-monitoring thin film. Notes with a 1% sodium alginate solution of the same volume. After removing the cover glasses from the sheet, 50 μL of the mixture was dropped onto a specific part of the sheet. The DO concentration of the dropped mixture (artificial P. aeruginosa biofilm) was measured using a fluorescence-based, fiber-optic oxygen probe (FOXY4000, Ocean Optics Inc.). Luminescence images were taken using a digital still camera (GX200, RICOH Co., Ltd.) at 1-min intervals. The brightness of specific parts of the images was quantified using an image-editing application (ImageJ). ). These sheets were actually film-shaped and could easily be removed from the agar plate surface. They glowed brightly for several hours after removal. As can be seen in the images, a higher cell density resulted in smaller colonies. A sheet prepared from a suspension with higher cell density showed luminescence in about one day. A suspension with lower cell density showed luminescence in about 3 days. Measurements were performed 3 days after sheet preparation. The DO concentration in the P. aeruginosa-sodium alginate suspension decreased steadily with time, presumably due to bacterial respiration, and reached 0 in about 1 h. Such characteristics were favorable to use the mixture as a DO-changing environment for the sheets. Before being dropped onto the sheets, the P. aeruginosa mixture was thoroughly vortexed until it showed a DO concentration similar to that in oxygen-saturated water.
Results and Discussion
The stability of luminescence in the sheet was examined using an air-exposed (control) part of the sheet. The standard deviation of the relative luminescence intensity of the control was calculated (n > 5) and used as the error bar length in Fig. 2 , which shows the relationship between the DO concentration and the relative luminescence (RL). As can be seen in the figure, the DO concentration effect was observed in all sheets, and the linear relation range was greater in the case of higher cell density ((a); DO concentration 2 -9 mg l -1 ). The RL in the (c) sheet was greater than the other two, because the square in the sample image was full of bright bacteria, whereas in (a) and (b) the square contained dark parts. Figure 1 shows that the colony size decreased with the cell density in the first suspension. In our previous report, we mentioned that oxygen was consumed competitively, both by respiration and luminescence. 19 If this is the case for the The dotted circle areas show the sections onto which a P. aeruginosa suspension was dropped. Luminescence intensities at two squares inside (in biofilm) and outside (control) the circle were quantified using ImageJ. P. kishitanii sheet, then any enlargement of the colony in the sheet might stop, or slow down, after the cells had started to emit light. The sheet with larger cell densities would start to glow earlier, similar to the case using a liquid culture. 20 Regarding these two factors, Fig. 1(a) would contain more cells than Fig. 1(c) , and would be suspected to reach a threshold cell density needed for quorum sensing earlier and at a smaller colony size. Alginate gels are frequently used to immobilize microorganisms. Since P. aeruginosa is reported to produce alginate as EPS, sodium alginate was considered to be an appropriate choice as the starting material for the P. kishitanii sheet. In our pre-experiment, the P. kishitanii colony under the biofilm of P. aeruginosa emitted light even inside the biofilm (data not shown). Figure 2 shows that the sheet with a larger cell density exhibited a wider DO concentration dependent range. This might be due to the difference in the number of colonies in the squares. In the cases of Figs. 1(a) and 1(b) , whole colonies were contained in the sampled squares, whereas in Fig. 1(c) , a portion of a colony was clipped for luminescence quantification. The luminescence of an entire colony is reported to be affected by atmospheric oxygen, but this effect is not spatially uniform within a colony. 21 Regarding Fig. 1(c) , we might have clipped an area that was not greatly affected by the DO compared to the average of whole colonies in Figs. 1(a) and 1(b). Additionally, the vertical colony thickness in sheet Fig. 1(c) might have been larger than those in Figs. 1(a) and 1(b). In this case, luminescence in the colony was suspected to be inhomogeneous because of vertical diffusion of the oxygen inside the colony. There was a possibility of a P. aeruginosa autoinducer effect on the P. kishitanii sheet. Since the specificity of autoinducer receptors in bacteria is not absolute, transcriptional regulators in P. kishitanii might partially function with the signal from P. aeruginosa. 22 An effort to limit the autoinducer, but not oxygen diffusion, might help check the bacterial intercellular communication. For this purpose, the choice of a sheet material, such as polydimethylsiloxane (PDMS), might be effective. The coexistence of brightly glowing and non-glowing bacterial cells is reported as a possible reason for the nonlinearity in bacterial bioluminescence. 19 In an alginate gel sheet, P. kishitanii cells are surrounded by a mechanical "wall" of the gel, and thus have a limited space that they can occupy; however, in the liquid culture, bacterial cells have no barrier for cell division. If the cells were forced to concentrate on glowing instead of dividing because of the wall barrier, they might be able to use the limited oxygen effectively for luminescence. This hypothesis does not contradict the result that the bacteria in a thin-layer configuration showed stable luminescence. In P. aeruginosa biofilm, oxygen concentrations ranging over 0.05 -0.25 mg L -1 were studied in retlation to the spatial physiological heterogeneity. 23 Further improvement of the sensitivity in our system is therefore desired.
